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Abstract
Large cities like San Francisco can experience congested streets and crowded sidewalks.
Increasing bike ridership has been shown to alleviate some of these pains, but they are currently
being undersupported. In order to properly account for the growing cyclist population, more
efficient bike storage solutions need to be made available. Current bike racks take up too much
space, are not reasonably theft resistant, and are not adaptable to a variety of both indoor and
outdoor spaces. In this paper, we designed and constructed a bike rack to take advantage of
vertical space in order to reduce the footprint that storing a bike takes. Our experiments showed
that by reorienting the bike in an upright position and allowing it to travel along a main column,
we were able to significantly reduce the footprint of the bike and bike rack system. Additionally,
by using a simple hand wheel and pulley system, we would be able to reduce the amount of force
the user would need to exert to hoist the bike upwards with a few modifications. By recognizing
that the vertical space above traditional bike racks is often wasted and made unusable, we were
able to design a system that maximizes its efficiency to decrease the amount of floor space
required to store bikes. Our new and innovative design is a viable solution for crowded cities like
San Francisco where square footage is both expensive and limited. With our data showing a
possible reduction in footprint of up to 92%, implementing a vertical bike rack design has the
potential to drastically change the way people get around the city and secure their individual
modes of transportation.
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Introduction
San Francisco is the home to a population of nearly 875 thousand people, and it comes to
no surprise that its public spaces and narrow streets become busier every year. A growing
number of residents, commuters, and tourists contribute to the issue of getting around the city
and an efficient way. Addressing the city’s transportation issue can actually be improved by
looking towards one specific subgroup of travelers–cyclists.
Cyclists are becoming a larger community as people begin to favor the greener and
healthier bike over the gas-guzzling and smog-producing car. Additional attention must be given
towards cyclists, and they must be supported with the necessary infrastructure, such as safe and
secure bike storage, so that their effect on reducing traffic and congestion can be maximized.
Furthermore, as the popularity in biking and the number of cyclists continue to increase, the
demand for safe, efficient, and accessible storage is increasing alongside it.
To accurately collect, assess, and meet the needs of the people of San Francisco, we are
working with Jonathan Chimento, a transportation engineer working for the San Francisco
Municipal Transportation Agency. For the Senior Design Project, an innovative bike rack will be
designed to integrate seamlessly into busy cities and will address the issues of space,
accessibility, and function.
Our bike rack design will minimize the footprint of locked bicycles by making use of
vertical space. This will be achieved by using a lifting mechanism which will be integrated into
the design. This product will be made accessible for a wide variety of users by taking advantage
of the user’s strength through devices that provide a mechanical advantage. As such, the user will
need a minimal amount of energy and strength to lift their bike to the upright orientation. Our
design will also account for factors such as resistance to corrosion, user safety, useability, and
security--with safety being our number one priority. The design of the final bike rack will ensure
a user can easily, safely, and securely store their bicycle with peace of mind.
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Background: Situational Research
From the San Francisco Municipal Transportation Agency [4] report on 2019 Citywide
Bicycling Data and various pages on their website [6], statistics that are key to understanding the
bicycling scene in San Francisco were uncovered. Unsurprisingly, it was found that bikes take up
less space per person for transportation than driving. This is especially important to understand
for a crowded and densely populated city. The report explained that 4.2% of commutes (or about
22,000 rides) were made by bike in 2018 and that 39 automatic bike counters saw around 10.8
millions bikes in 2019. Additionally, 1.8 million rides were made by Bikeshare--a community
based bike sharing program. Currently, there are 200 miles of bike paths, 3,000 sidewalk bike
racks, 60 on-street bike corrals, and 50 bike lockers in the city of San Francisco. These findings
demonstrate that SF has an established and growing population of bicyclists that rely on biking
resources in their daily lives.
In addition to residents and visitors, businesses also see benefits from the expansion of
innovative bike rack designs and services. For example, the installation of bike racks in and
around buildings will qualify the owners for the Leadership in Energy and Environmental Design
(LEED) Certification. This gives them benefits such as tax rebates, zoning allowances, and
higher property values. Additionally, various studies have found that those who bike often spend
more in local businesses than those who drive. While bikers buy less each trip, they have to
make more trips and end up spending more overall. A study [4] conducted in Melbourne,
Australia found that bike parking resulted in $31 per square meter while car parking only
resulted in $6 per square meter. Increasing the accessibility by providing more bike racks will
bring economic advantages to local businesses.
Currently, there is a huge demand for bike rack installations and an innovative,
space-saving design can help reach these needs. In 2019 alone, 670 bike racks were installed. SF
has a goal of installing 500-1000 bike racks each year and gets requests for about 30 each month.
Additionally, the 2012 Employee Bike Access Bill requires commercial building owners to
provide safe and secure bike storage in buildings or allow riders to bring them inside. All these
factors contribute to a growing need for better bike storage solutions.
In the SFMTA’s Bicycle Parking: Standards, Guidelines, Recommendations [4]
guidebook, physical requirements were revealed. Since SF has a marine environment, it is
important to take preventative measures against rust and weather damage. Using steel that is
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hot-dipped zinc galvanized is a valid and durable solution. Additionally, to prevent theft, square
tubing should be used over circular tubing with specified thicknesses.
This background literary research will inform the decision making processes of the
project moving forward. It has helped identify current statistics, desirability, demand, and the
physical requirements needed for the project to be successful.
Background: Professional Issues and Constraints
The ethical justification for the bike rack can be viewed with two different frames of
reference. The first being the Common Good Lens. This lens, as described by Markkula Center
for Applied Ethics, is that “life in community is a good in itself and our actions should contribute
to that life” as well as “calls attention to the common conditions that are important to the welfare
of everyone—such as clean air and water, a system of laws, effective police and fire departments,
health care, a public educational system, or even public recreational areas.” The bike rack
achieves ethical compliance within the common good framework as it aims to create more secure
bike racks accessible. Thus, it motivates more individuals to use bikes as a primary form of
transportation which improves traffic congestion, air pollution and encourages physical activity.
Each of these improvements work to benefit everyone as a community.
The second frame of reference is the Utilitarian lens. This lens is “a results-based
approach, says that the ethical action is the one that produces the greatest balance of good over
harm for as many stakeholders as possible” (Markkula Center for Applied Ethics). The bike rack
benefits a variety of communities that it influences. Overall, it can reduce pollution emissions
which will benefit all local community members as it would increase the air quality.
Additionally, the bike rack expands and advances bike infrastructure, allowing members from the
biking community to have easier access to various places within the San Francisco area. Finally,
as bikes have a higher spending to storage space ratio compared to cars, found in the San
Francisco Municipal Transportation Agency Guidelines. Thus, increasing bike accessibility can
help stimulate the economy and increase the revenue of local businesses. With these
considerations, the design and implementation of this bike rack will provide meaningful
improvements to the San Francisco area.
It is crucial to not only consider ethics as a set of rules, but rather a use of good judgment
and the importance of motivation. To relate this to our project, it is important to understand the
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technical challenges of our design. These include, creating a solution which will minimize its
footprint, be used by ages 8 to 80, be robust to combat weathering effects and provide a
mechanical advantage to ease the lifting of a bicycle. To solve these complex challenges it was
important for the team to create habits such as “Commitment to the public good,” “Teamwork,”
and “Courage.” In terms of commitment to the public good, it became a habit for us to consider
the public in all aspects of our design. This included considering the user interface of the design
to be a hand crank. This would be intuitive for all users and simple in design. Additionally, we
considered safety and security as two other main factors with the user in mind. Moving on to
teamwork, the group was intentional about being as efficient as possible in solving our problem.
This meant identifying the strengths of each team member and encouraging them into those areas
in order to work better together. Lastly, we practiced courage by taking on this project of creating
a space-saving bike rack for the city of San Francisco. It was intimidating to try and recreate a
device which has been used for almost a century now. However, it was important to push through
that fear and demonstrate courage to take on the challenge.
When looking at the ethical pitfalls in the project itself, there are four important areas to
understand: safety, risk, the public, and fulfillment of the principle of informed consent. Since
the bike rack can have heavy moving parts, it is important to consider and prioritize the safety of
the users. A good way to manage the risk of harm and injuries to the bike rack users is to make
sure that various pinch points and mechanisms are enclosed in the structure so that minimal
contact under normal operating conditions by the public occurs. For this project, the public can
be defined as those who would use a bike rack. Considering that a wide variety of people from
all different backgrounds are able to use a bike rack, it should not be assumed that they are all
aware of the different risks that the structure poses to those who use it. In order to make the
public aware of these risks and to fulfill the principle of informed consent, the bike rack should
be of a simple and intuitive design. Since our project is not a standard project and aims to hoist
the bike up vertically, extra precautions must be taken. To aid with the user's understanding,
things like guides can be posted, arrows can be integrated to show the possible movement of
different parts, and harmful areas can be color coded.
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Background: Mechanism Research
A series of fifteen scholarly articles were identified as potential sources of information on
our mechanism design. Four of the fifteen sources were chosen to investigate further and focused
on the following topics: pulley systems, lock designs, chain and sprockets, and damper systems.
The following paragraphs summarize each of these four articles and determine if their design
will be useful to implement into our final project.
To start, the first source [10] provides an interesting approach to pulley design
mechanisms. The article aims to demonstrate the advantages of using synthetic fiber ropes as
well as pulley system integration into joint mechanisms. The article writes that synthetic fibers
have the ability to increase load capacity as well as reduce size and weight as shown by Figure 1.

Figure 1. Properties of synthetic ropes

Although weight may be important for many other designs, our project will likely remain
stationary so it is not a major concern. However, the increased load capacity of the synthetic
fiber ropes will be an important factor for narrowing down our final rope selection. Due to the
fact that bikes vary in size and weight, the system will need a rope which embodies a high factor
of safety. To continue, the article [10] also focused on pulley design integration for joint
mechanisms. There was discussion on this implementation which utilizes a bundled wire drive as
shown in Figure 2 below.
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Figure 2. Double joint mechanism using bundled wire drive

One major advantage of utilizing pulleys is that it will significantly reduce cost in
comparison to machining gears. Also, this design has proven to be as efficient as gear-operated
systems while reducing maintenance needs and costs. To continue, this joint mechanism design
could be ideal to lift or lower the bike through an arm-like structure. The design would extend
outward to mount to the bike and then move upright when locked. Thus, this source may serve to
be beneficial to our final project’s lifting mechanism design in terms of its information on high
strength synthetic fiber ropes and double joint mechanisms.
Moreover, the second source [11] focused on a lock design for theft prevention. The lock
that seemed most promising was referred to as a “Rigid Lock” pictured by Figure 3.

Figure 3. Rigid lock design through bicycle wheel and frame

This design utilized solid rods which closed around the wheel axle and frame of a
bicycle. It is actuated by the movement of a wire and gear system. This system would be useful
to implement as part of our lift mechanism due to its high-security aspect. As the front tire of the
6

bicycle rolls into the lift mechanism, the lock could close around the bike before being hoisted
upwards. The other locking systems were designed into the frame of a bicycle itself which is out
of scope of our project. Thus, the “Rigid Lock” design proves to be advantageous for our project.
Its simplistic design makes it manageable to integrate into any lifting mechanism we select and it
provides the desired high-level of security for the user.
The third source [3] investigated the use of FEA to optimize design of a chain and
sprocket system. The specific software mentioned by the article was named “ANSYS”. Further
discussions explained the benefits of FEA to perform static and fatigue analysis as well as
implement weight reduction pictured by Figures 4 and 5.

Figure 4. Fatigue life plot using FEA

Figure 5. Von-mises stress plot using FEA

Additionally, advantages of a chain and sprocket design that were mentioned include no
slippage and direct power delivery of a given system. This would make our system extremely
efficient and while also having the ability to undergo large loads. However, some disadvantages
included higher weight, noise and expense to machine sprockets. If a chain and sprocket design it
selected, it will be important to use the “ANSYS” software previously mentioned to reduce the
weight of the sprockets as much as possible. Bearing these things in mind, the source would be
very beneficial to the optimization and analysis of a chain and sprocket system.
Finally, the last source [1] highlighted the design of dampers for automotive systems. The
article discusses the use of fluid containing magnetically polarized particles. These particles are
then activated by a magnetic field to output damping forces. This design can be visualized by
Figure 6.
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Figure 6. Damper system utilizing magnetically charged particles

Important advantages highlighted within the article include large output forces generated
by low energy input. This would be very advantageous for our design since one of the main
constraints is low user input. However, given the complexity of this design it may be out of
scope for our project unless it can be simplified. The magnetically charged fluids require specific
housings which would be expensive to both purchase or manufacture. Simplifying the design
may be achieved through the use of magnets rather than magnetically charged fluids. Overall,
this source provided insightful ideas which will be important to consider in the final selection of
main mechanisms for bike rack.
To conclude, each of these sources provided useful information on mechanism design. It
will be important to use this data moving forward to create a design matrix which will aid in the
selection of which mechanism system we will implement into our final project.
Background: User Survey and Interview Results
A survey was conducted within an online bike community where 27 individuals
responded to a series of questions. Using the responses from individuals within this community,
we gathered, confirmed and learned about user prioritization related to bike racks. Figure 7
(found in Appendix 2) reveals that around 93% of bikers use a D-Lock or chain lock variant.
While about 7% of users utilize an alternative locking device.
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Figure 7. Bike Locks Used

To test these results, we investigated bike locks on the Santa Clara University Campus.
There were 28 bikes observed in our investigation and all of them used either a D-Lock or a
chain lock. Thus, these results matched with the survey we conducted within the online bike
community. Due to these numbers, it would be necessary to design a bike rack system that would
allow for easy integration of both chain and D-locks in order to produce a successful design.
To continue, Figures 8 and 9 below reveal the important features of a bike rack. These
features include lock time, non-scratching, ease of use, and security. The top three of these being
security, ease of use and non-scratching.

Figure 8. Most Important Feature of a Bike Rack

Figure 9. Priority Features of a Bike Rack

Due to the importance of security among bikers, it would be ideal to produce a design in
which the weakest point of security is the lock itself. This would ensure that the amount of
security is based on individual choice, rather than design limitations of our bike rack. To note on
ease of use, a design that is either intuitive or can be explained with only a few images would be
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the most effective course of action. This would allow the product to be used by a wide range of
bikers, ideally 8 to 80 years in age. With regards to a non-scratching feature of the bike rack,
rubber or plastic material could be used to cover high points of contact the bike may touch. On
campus, there was little attempt to cover the metal U Stands; only one of the observed racks had
cloth wrapped around the bends. We identified this trait as one characteristic that can be
improved upon.
Figure 10 below reveals that in terms of locking time most people prefer to complete
locking their bike within 20-30 seconds. Because of these metrics, any mechanism that aids in
the movement or reorientation of the bike would need to be both fast and safe for the user.

Figure 10. Desired Maximum Time To Lock

With regards to bike size accommodations, Figure 11 shows a wide variety of bike tire
sizes: ranging from 16” to 29”. Because of this, our bike rack shouldn’t contain features that are
severely dependent on a small range of tire sizes. This characteristic is common in nearly every
popular bike rack currently available.
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Figure 11. Bike Tire Size Owned By Bikers

In addition to the surveys, two interviews were conducted at local bicycle shops to
determine user preference for mode of input. In the event that the lifting mechanism requires the
user to input substantial force, we wanted to determine whether a lever- or pedal-operated system
would be preferred. The interviewees did not choose the same mechanism, but the rationale
behind the choice of pedal operation for one of them was noted to be more detailed: namely, that
leg muscles are by default much stronger than arm muscles. The bicycle shops also served as
sources of stimuli for future concept generation.
Background: Client Interview Results
Our client, Jonathan Chimento, a transportation engineer at the San Francisco Municipal
Transportation Agency (SFMTA) is the individual who we worked with to create our design. He
informed us of several priorities and constraints in relation to a publicly used bike rack. Some of
these constraints included safety, security, ease of use, and footprint. Safety was identified to be
considered during use (and misuse) as one of the most important factors when designing our bike
rack. Bike security was another non-negotiable feature which would need to accommodate
traditional bike locks as mentioned previously. Furthermore, ease of use and the amount of space
a bike rack takes up were identified as constraints which would significantly add to the value of
our product. In terms of durability, a maximum maintenance frequency of 3 times per 20 years
(the anticipated lifespan) was established as a make-or-break consideration for many civic
agencies.
Additionally, we reviewed existing vertical bike rack designs with Jonathan to identify
areas for improvement. For example, Jonathan identified two practical deficiencies of the Parkis
11

bike rack in a public environment: the lack of a place to lock down the frame of the bicycle, and
the necessity of a wall for the guideway to be mounted. Both of these weaknesses would be
considered during the design of our bike rack to improve upon existing products.
Background: Product Metrics and Comparisons
Since the bike rack is targeted to reside in San Francisco, durable materials are needed to
withstand the harsh weather conditions: mainly the constant, salty air. We identified four main
material options as stainless steel, carbon steel, galvanized steel, and aluminum. Stainless and
galvanized steel would be corrosion resistant, carbon steel would be cheap, and aluminum would
be lightweight. Additionally, different metal finishes were identified to increase corrosion
resistance of the materials integrated to our design. These finishes included hot dipped
galvanizing, cold galvanizing, and powder coating. With further research, it was concluded that
powder coating would not be an effective solution due to its inability to withstand salty marine
environments. Additionally, hot dipped galvanizing would be an optimal finish, its significant
expense would not make it feasible for our design.
In Appendix A, Table A1 details the list of metrics that were decided upon to judge the
success of the final design. The bike needed to fit a wide range of sizes, considering maximum
and minimum tire width/diameter, as well as maximum and minimum bike frame lengths.
Additional metrics such as material strength, durability, and hardness were important to ensure
the racks were low maintenance and hassle free. Further metrics such as the number of locking
points, safety, and mechanical advantage of the bike rack catered to the user’s overall experience.
Marginal and ideal values of these metrics are also included in the table for greater understanding
of how the success of the bike rack would be determined.
Using these metrics, existing products were compared against to identify acceptable
values for products within the current market. Four of the existing products that were observed
included the Parkis Bike Rack, the Bike Nook, the Gatwick Rack, and the Double Up. In general,
existing bike racks had at least one designated spot for a personal lock, had a weight capacity of
about 2 bikes, and lasted for at least 5 years under normal conditions.These comparisons allowed
for greater understanding of how to make our bike rack successful.
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Design Process: Subsystem Division
Our team determined that the SF Bike Rack project consists of four main subsystems.
The first subsystem includes the locking mechanisms within the bike rack. Within this
subsystem, we determined that locking mechanisms included both personal locks and locking
points on the bike rack. The second subsystem that was identified was the physical bike rack
geometry. This included the shape, size, material and other similar characteristics relating to the
bike rack itself. The third subsystem that was identified was devices within the bike rack that
helped provide the user with mechanical devices. The fourth subsystem was the holding devices
of the bike rack. This subsystem’s main goal is to ensure that the bike does not tip over through
the use of clamps, hooks, ties, and other modes of fastening. In terms of subsystem priority, the
locking mechanism was the most critical section followed by devices that created mechanical
advantage. The bike rack’s geometry was found to be the least critical subsystem. These
subsystems and their components can be seen in Figure 12.

Figure 12. Bike Rack Subsystem breakdown

For the locking mechanism subsystem, input from bikers as well as Jonathan Chimento
verified that security was the top priority in a bike rack. Our locking mechanism subsystem
includes both personal and structure locking devices. Personal locking devices include D-Locks,
chain locks, and other bike locks. Structural locking mechanisms include bars, holes, or other
geometry that can have locks wrapped around or secured to.
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The second most important subsystem we identified was the mechanical advantage
device subsystem. This includes pulley systems, gear ratios, lever arms, or other mechanical
advantage providing devices used within the bike rack. This subsystem also includes the user
interface of these mechanical devices. This subsystem was also identified as a priority to aid
users in lifting bikes easier as some bikes are heavy and all bikes are an awkward shape to lift.
The holding device subsystem was determined to be the third most important subsystem.
This subsystem, while rated less than the mechanical device and locking divisions, is still
integral to the bike rack design. Without proper implementation of this subsystem, the bike could
tip over during operation and cause loading and safety issues for the user. This subsystem will
use a series of hooks, clamps, or bars to help fasten the bike to the rack for safe operation.
The fourth most important subsystem identified was the bike rack’s geometry. The bike
rack geometry includes its overall footprint, how compact the design is, and the consideration of
where the center of gravity will be during all points of operation. This subsystem also includes
how the mechanical device, the locking mechanisms, and the bike positioning is integrated to the
bike rack itself. This subsystem was decided as the least important as the bike rack’s geometry
will be designed around the other two subsystems to make a final, integrated design rather than
designing the geometry and fitting the locking and mechanical mechanisms onto an established
bike rack fixture.
Design Process: Bicycle Handling
To aid in our concept generation process, it was first important to determine the most
advantageous motions or maneuvers of a bicycle. To do so, we performed four different motions
including the following: lift vertically, lift horizontally, pivot, pivot and push to the wall, push up
an incline. To get a better understanding of these actions, each one was performed until a feeling
of fatigue was experienced by the user. Additionally, notes on the experience of each action were
recorded as well as ratings based on each motion’s ergonomic advantage or how natural it felt.
Table 1 to the right reveals the results of these findings, which will be discussed further in this
report.
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Table 1. Results from bike handling tests

.
To continue, lifting the bike vertically seemed to be the lowest scoring in terms of fatigue
and the ergonomics of this motion. Beginning with ergonomics, it felt awkward due to the
position of the bicycle during movement. Grabbing under the seat seemed like the best option to
ensure the bike would be lifted high enough. In doing so, it was difficult to stabilize the bike
while lifting and it began to wobble side to side. Additionally, the strain on the arm grabbing the
seat was greater than many users could likely handle. This was because the lifting motion of the
vertical bike involved grabbing the bike seat below one’s shoulder and then lifting it above the
shoulder (requires high strength).
Furthermore, lifting the bicycle horizontally proved to be more advantageous in both the
fatigue and ergonomic categories. This action felt more natural in terms of where the user’s
hands would grab the bike. However, due to the horizontal positioning of the bicycle it could not
be lifted very high (about head height). Although, the bike did feel lighter due to the horizontal
distribution of the weight. Therefore, this action could likely be performed by a wider range of
users.
The next action - pivoting - seemed to be one of the easiest motions for one to perform
with the bicycle. This movement felt very intuitive due to the low strength required. It involved
using the rear brake to pivot the bicycle on its back tire. The weight of the bicycle during this
motion was very minimal and could likely be performed hundreds of times. Therefore, this
action is the most likely out of those tested to be incorporated into our design. To continue,
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pivoting and pushing the bike to a wall was almost identical to simply pivoting the bicycle in
terms of the fatigue and ergonomics. The only difference was pushing the bicycle up to a wall
after pivoting on the rear tire. One suggestion would be to walk the bike to the wall using gravity.
In other words, lean the bike backwards and let the rear tire move towards the wall. This motion
would be more ergonomic since the seat seemed too low to grab with one’s hand and push.
Overall, the weight of the bicycle during this motion was very minimal and could likely be
performed hundreds of times.
Finally, pushing the bike up an incline scored more neutral for the fatigue experienced by
the user as well as ergonomics. This motion felt mostly natural. However, while reaching toward
the top of the incline, the motion became more awkward and difficult to maintain. Depending on
the steepness of the incline, this motion may or may not be attainable by a majority of users.
Thus, it would be advisable to utilize a smaller incline to maintain the natural motion and feeling.
Overall, this bike handling experiment allowed us to better understand the most favorable
maneuvers of a bicycle before moving onto our concept generation and decision process.
Design Process: Concept Generation and Selection
For our concept generation process, we first individually designed some variations of
each subsystem. These subsystem sketches can be seen in Appendix B Figures B1-B2. The
different variations were discussed and the advantages and disadvantages of each were also
noted. Using a design matrix using various metrics, we determined which ideas and concepts we
wanted to explore further. The matrix was not used as an absolute rating system, but as a tool to
separate efficient and inefficient designs. The design matrices used can be seen in Appendix A in
Tables A4-A6. Notable metrics used were safety, durability, useability, and cost. Both safety and
useability were generated through customer input while durability came from the client’s needs.
Additionally, cost was both a constraint for the client as well as the team. Notably, a pulley
system, foot crank, and an integrated lift mechanism was generally favored by the group. This
was deemed to be a potential ergonomic improvement over any of the bicycle handling
maneuvers previously tested, although the pivoting motion still shows promise and was not ruled
out as a method of user input at this stage of design. Designs that utilized sprockets, gears, and
magnets were removed from the overall selection.

16

Additionally, combining different ideas together to make a new iteration was also done to
get more concepts. These included different pulley systems, hand wheels, and a ratchet and pawl
mechanism. Once the main subsystems were selected, each member individually designed at
least one bike rack which included the various subsystem designs that performed well. These
bike rack designs can be found in the Appendix B in Figures B3-B6.
Two different tire locking designs were generated. The first utilizes an integral hook on
the tire carriage to grab the tire between the spokes. The second consists of a pair of “jaws”
(round stock with a rubber coating) that rotate into place and hold the tire in by friction. The
hook design was agreed to be favorable due to its simplicity, and will be the design tentatively
carried forward.
Finally, each new bike rack was designed and went under further review. The pros and
cons of each design were discussed, and slight changes were made to the chosen design to
further refine the iteration. The final design iteration utilized a ratchet and pawl mechanism, a
pulley system, an integrated locking arm, and a hand wheel for user input. The final design can
be seen in Figure 13.

Figure 13. Design Sketch

In terms of how the user would interact with this bike rack, there would be multiple steps
for successful operations. The user would first roll their bike into the tire holding apparatus and
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stabilize it with the tire hook. The user would then use the hand wheel to lift the bike up and
once the bike is vertical, a personal lock would be used to secure the bike to the rack.
Design Process: Dimensioning and Footprint Refinement
In order to maximize the spatial efficiency of the bike rack, some basic target dimensions
were sought regarding the structure’s footprint and minimum spacing. The spacing of any
parking structure is naturally bounded on the low end by the clearance envelope of the vehicle
parking in or on it. The parking clearance envelope of a bike is unusually shaped on account of
the handlebars; if the bikes are tilted, then the handlebars no longer interfere with each other and
the controlling clearance is between the end of one bicycle’s handlebar and the edge of another’s
steering tube. The inner face of the front fork was used as a proxy for the latter plus some
clearance. Based on quick searches, a fork width of 100mm (inner face 50 mm from centerline)
and a handlebar width of 700 mm (outer edge 350 mm from centerline) were chosen to be
representative of most bikes. This would give a centerline-to-centerline spacing of 400 mm, or
around 16 inches. The clearance envelope of the bike rack will thus ideally be 16 inches wide or
less.
To bring the bike further into the structure’s envelope and out of the sidewalk, the tire
carriage was relocated to the side of the column. In order to ensure that the fork and front axle
will not scrape against the column, a maximum column depth of 7” was chosen. This would
place the axle of a minimum-diameter wheel (taken to be 16”) in front of the column when
mounted in the tire carriage.

Design Process: Preliminary Design
With the preliminary design chosen, a model of the mockup was created in SolidWorks.
Individual parts were created and then combined into a final assembly. The final solidworks
assembly can be viewed in Appendix B Figure B7. This was to ensure revising components
would be easy to do for future iterations. Once fully modeled, the individual parts were 3D
printed using Santa Clara University’s Innovation Zone. This fully assembled prototype can be
seen in Figure 14.
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Figure 14. CAD Model and Prototype

3D printing the prototype proved valuable as flaws that were overlooked in the computer
model became apparent in the physical model. 3D printing had advantages and disadvantages
compared to metal fabrication. One major advantage of 3D printing, easily designing and
creating complex geometries, translated poorly when working with metals. After observation and
analysis of our 3D printed model, some changes were made to reduce the complexity of
manufacturing operations as well as improve the overall durability of the bike rack.
The first and most impactful change that was made involved switching the slotted guides
from the main structure to the lifting member. This can be seen below in Figure 15. This allowed
the main frame to be made solely from a standard square tube rather than having to mount
additional strips of plate to form the channel. This change significantly reduced the material and
time needed to manufacture this piece. As a result, the guideways were transferred over to the
tire adapter. Because the tire adapter is made of aluminum rather than steel as well as being six
times as short, machining the guidways took a relatively little amount of time.
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Figure 15. Guideway Changes Prototype (Top) and Final Design (Bottom)

The second change from prototype testing related to the upper pulley. Rather than having
the design feature a horizontal axis with two bearings on the end, a prefabricated pulley bolted to
the top plate of the bike rack was chosen as the final iteration. This change can be seen in Figure
16. Switching to a prefabricated pulley increased the accuracy at which the pulling rope would
stay perfectly aligned as the built in guides would eliminate the chance of the pulling rope from
shifting laterally. Additionally, switching to a prefabricated pulley reduced the amount of parts
that needed to be ordered and machined, simplifying the design.

Figure 16. Upper Pulley Changes; Prototype (left) and Final Design (right)

The third change made due to the prototype’s flaws was with the lower pulley. Initially,
the lower pulley was a shaft with a hole drilled through the center. The rope would be tied into
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the hole and as the shaft was cranked, the rope would wind around the shaft. This pulley was
changed to have two side disks to contain the rope as well as an offset bar to act as the winding
mechanism and can be seen in Figure 17. The rope would be tied to the main shaft, and the rope
would be wound around the main shaft and offset bar set as the shaft was cranked. This design,
while slightly more complicated, proved beneficial in various ways. The first improvement this
design provided was that it lowered the stress concentrations within the main shaft as it did not
reduce its cross sectional area. Additionally, the new design reduced any sharp edges or burrs the
drilled hole may produce. This reduces the chances of the rope fraying or splitting with extended
use and increases the overall durability of the bike rack.

Figure 17. Lower Pulley Changes, Prototype (Top) and Final Design (Bottom)

The final change that was made was with the location of the spring. To lock the pawl and
ratchet mechanism, the spring was located inside the square tubing. However, when attaching the
spring on the prototype, it proved to be difficult due to the constricting walls of the main frame.
With a new iteration, the spring was moved to the outside of the tube, allowing for a simpler
installation process. Another unintended benefit of this change was that because the spring was
further away from the axis of rotation, a spring with a lower stiffness could be used while still
maintaining the same results.
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Budget
At the start of the project, we requested a total of $2000 to fund the design and
fabrication of the bike rack. A total of about $1565 was used for the entirety of the project's
duration. This resulted in the project being about 20% below budget. The majority of funds,
55.1%, was used to purchase raw materials for the bike rack itself. Because machining and
welding was done in house, costs associated with this time spent were neglected within the
budget calculations. 23.2% of the total costs went to pre-made parts while 21.7% went to outside
fabrication services. We believe that if this project was made for mass production, the total cost
could be reduced to approximately $1000 with no changes to the current design. The decrease in
cost is due to multiple reasons. The first being that during the project, some materials were either
substituted at a later date or misordered, resulting in parts and materials that never ended up
being used in the final design. Additionally, material like the plywood sheets and 2x4 planks
were used only for testing purposes and would not need to be purchased for regular use. Finally,
outside processes, like the waterjet cutting, was charged to a shop minimum making the costs
much more expensive than the labor costs would suggest. If charged for labor rather than a
minimum lot charge, we expect the outside service costs to be reduced by 85% from $340 to
$50. This price was calculated at a water jet cutting rate of 5”/min at $100/hr.
Figure 18. Budget
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Timeline & Management
The project timeline was split into three main objectives. Fall quarter was dedicated to
project ideation, including background research, customer survey and preliminary device design.
Winter quarter was dedicated to sourcing parts and materials, as well as manufacturing. Spring
quarter focused on final assembly, and testing as well as completing the final thesis report. The
project was managed with weekly team meetings including the faculty advisor. This allowed the
project to stay on schedule as well as receive valuable input from the faculty advisor as the
project progressed. There were also regularly scheduled meetings with Dr. Restivo to give
progress updates and plans as well as receive his input. Furthermore, meetings with our client Jonathan Chimento - also provided the team with valuable feedback throughout the entirety of
the project. These meetings gave the team a better understanding of the project’s scope and
allowed for Jonathan to receive updates of the project’s progress. The finalized timeline can be
seen in Appendix A Figure A7.
Modeling Summary and Sketch
The final design of the bike rack contained three main subsystems: the column, the tire
adapter, and the main shaft assembly as shown in Figure 19. The column and the tire holder
mainly used custom parts while the main shaft assembly had a more balanced mix of custom and
premade parts. For the custom parts, each object was made in a solidworks file. For premade
parts, the associated part file was downloaded off the supplier website. While most parts were
used as references to get the general ideas of sizes and fitting, the main column’s part file was
needed to be as accurate as possible. This was due the fact that the part file was sent to an outside
waterjet cutting facility and used as the instructions for the waterjet. Other custom parts that had
to have the correct dimensions included the main shaft, ratchet gear, and pawl. This was because
Finite Element Analysis (FEA) was conducted on those parts. To have an accurate representation
of how the distributed stresses would act on the physical parts, the models had to reflect what
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was machined as close as possible.

Figure 19. Modeled Subsystems: Column, Tire Adapter, Main Shaft (left to right)

Important lessons learned throughout the modeling process include how the entire design
would be assembled. By modeling all parts of the subsystem, it was easier to understand how
they would come together during manufacturing. Considering our design with numerous parts, it
was useful to organize the project into subassemblies which would be a part of one main
assembly. This increased the clarity of the relationships between any given part. Additionally, the
modeling process created a better understanding of the material and standardized dimensioning
of parts to make ordering materials easier and cost effective.
Hand Calculations and FEA: Main Shaft
In terms of the most critical sub assembly, the main shaft experienced the most points of
failure. This is due to the fact that the main shaft assembly serves as the main component of our
user interface device. It translates the rotational input force from the user into translational force
through the pulley system to lift the bicycle. One of the more critical components of this
subassembly is the shaft itself. This critical component will undergo torque from the pulley
system as well as bending from the weight of the bicycle. As for the assumptions contributing to
the analysis of this subsystem, the crankshaft will be made of AISI 1040 CD steel. The loads on
the shaft will be a 40lb eccentric load from the cable at an effective pulley radius of 1.25in from
the shaft centerline, and a parallel eccentric load from the handle on the hand wheel generating a
matching counter-torque. Axial forces on the shaft will be considered negligible. In considering
these assumptions we expect failure to occur as a result of torsion under a critical load. Lastly,
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we expect failure to occur at the critical points of the shaft near the each end of the fixed
geometry.
This subsystem was modeled since it embodies the shaft which supports the critical load
of the bicycle as well as translates user input to lift and lower the bike. It was important to model
all parts interacting with the shaft rather than only the shaft to ensure that the final iterated design
would easily integrate with the rest of the subsystem.
To ensure Solidworks FEA was an accurate representation of the material (AISI 1040
CD) and geometric properties, hand calculations were used as a metric to compare to the
computer analysis. Using the eye bolt part seen in Figure D27 in Appendix D, we were able to
see that the computer simulations had similar results to the hand calculations.The hand
calculations can be seen in Appendix B Figure B8 and the related FEA stress results can be seen
in Figure 20 below. Based on these similarities, it was assumed that the Solidworks FEA would
have an accurate representation of more complex geometry.

Figure 20: FEA of designed shaft

Hand calculations were carried out for the purpose of comparison, and to determine the
profile of the shaft. Preliminary fatigue calculations using a simplified pure torsion model were
carried out on the shaft to determine the minimum diameter possible for infinite life. The shaft
had a stepped diameter with one fixed at 0.5in by hardware constraints, but after the fatigue
calculations showed that the other diameter could be less than that, the step was eliminated in
favor of a single 0.5” diameter throughout. This change allowed for simpler manufacturing
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methods and eliminated a stress concentration point, saving both time and money. The assumed
loading scenario was a combined radial and torsional load induced by the cable at one end and
by an eccentric handwheel force on the other, with equal and opposite moments about the shaft
axis. The results of the hand calculations can be seen in Figures B15 and B16 in Appendix B and
were used as a starting point for the FEA models. When transitioning to the FEA models, more
complex geometry was included such as the keyway in the shaft. Remote loads were used to
simulate the eccentric loadings as in the hand calculations. 40 lbf was assumed for the cable load,
and the handwheel load was set up using SolidWorks’ variable functionality to match its torque
to that of the cable load, although a rotational fixture was still required at one end to make the
study “stable.” The stress concentration effect from the keyway can be seen in the von Mises
plot, but the actual critical point was just in front of the near-end bearing, something which could
not have been predicted using the simplified point loads of the hand calculations. These FEA
plots can be seen in Figures B12 - B14 in Appendix B. The yielding factor of safety was
nevertheless high enough to confirm our choice of a 0.5 in diameter shaft.
Hand Calculations and FEA: Pawl
Another location that was identified for potential failure was the pawl mechanism. This
was because this piece also supported a relatively significant amount of weight to keep the bike
upright. For the pawl’s constraints, there was a fixed constraint around the hole where the main
shaft would interact with the pawl. The hole where the spring interacts with the pawl was left
unrestricted, as the forces caused by the bike’s weight would make any spring force negligible in
comparison. For force constraints, a force of 100 lbf was applied on the ratchet gear and pawl
interface. Due to a bike's usual maximum weight to be about 40 lbs, a 100 lb force was
determined to be a safe and sufficient constraint for analysis. When the FEA results were
observed, it was determined that the stress concentration occurred at the interior corner of the
pawl and ratchet gear interface. By changing the radius of this corner, the stress concentration
could be manipulated. A larger radius would reduce the stress concentration but decrease the
surface area the ratchet gear and pawl can interact with. Thinking of these tradeoffs, a radius was
chosen that reduces the stress concentrations to a safe level while ensuring the contact area of the
pawl and ratchet gear was big enough to prevent any issues with slipping. The final pawl design
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had a factor of safety of about 8.7. The full FEA factor of safety distribution analysis can be seen
in Figure 21 below.

Figure 21. Factor of safety plot for the pawl mechanism (min:8.7)

Hand Calculations and FEA: Gear
Like the pawl, the ratchet gear was also determined to be a critical component to undergo
FEA Analysis. Like the pawl, the ratchet gear had fixed constraints on the face that interacted
with the main shaft. Additionally, the face that makes contact with the pawl also experienced a
100 lb force. With this, a factor of safety of about 14.2 was observed on the ratchet design shown
in Figure 22a. Even though this was our chosen design, this design had to be changed due to
limitations in our manufacturing methods. To be able to mount the ratchet gear to a tooling
fixture, four holes had to be drilled. To ensure that the factor of safety was not significantly
lower due to these changes, a second FEA test was done on the ratchet gear. As seen in Figure
22b, the factor of safety was reduced to about 11.5. Because this was still a reasonable factor of
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safety, the ratchet ended up being the final design and the fabrication of the gear proceeded.

(a)

(b)
Figure 22. Ratchet Gear FEA Analysis (a min 14.2, b min 11.5)

Design Iteration Summary: Overview
From initial prototype to final product, the design of the bike rack components changed
significantly. As mentioned earlier, the initial 3D printed prototype brought out changes like
changing the guideways within the main column and tire adapter, simplified the upper pulley,
and renovated the lower pulley to enhance the overall durability of the design. Additionally,
newly released fabrication constraints forced further redesigns of existing parts, even up to the
assembly stage.
The part that went under the most frequent changes was the ratchet gear. Initially, the
ratchet design was the one shown in Figure 23a. After further review, it was determined that the
curved tooth design was too difficult and time consuming to fabricate using a standard milling
machine. Additionally, the amount of teeth on the ratchet gear would cause the time to fabricate
to be too long for our given timeline. Because a second iteration which simplified the tooth
design was created. This second design, shown in Figure 23b, has straight edged teeth with
interior tooth angles at less than 90 degrees. While not ideal, the tooth’s angle could be made
using a specialized dovetail cutter. However, after further research, a dovetail cutter proved to be
too expensive to fit within the project constraints. Additionally, the problem regarding the large
amount of teeth on the ratchet was not addressed in this design. Due to these faults the past two
iterations had, a third and final design of the ratchet was created and can be seen in Figure 23c.
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In this iteration, the interior tooth angle was changed to be 90 degrees. This allowed us to use a
standard end mill along with a rotary tool to cut the teeth seamlessly. However, 4 holes had to be
drilled into the ratchet so it could be bolted onto a rotary tool. This rotary tool allowed us to
rotate the gear at precise angles to ensure all the teeth were symmetrical. Another side effect of
changing the tooth angle to 90 degrees was the significant reduction in the amount of teeth on the
ratchet. In the third design, there were only 8 teeth, a 33% reduction from our second iteration.
Because of an increase in manufacturability due to a simplified and time efficient design, this
third iteration was fabricated for the bike rack.

(a)

(b)

(c)
Figure 23. Ratchet Designs

Design Iteration Summary: Tire Adapter
The tire adapter assembly also went through a significant design change. Initially, it was
expected that all the connection points would be welded together to ensure a strong and stable
assembly. However, due to the limited welding capabilities at our disposal, welding the tire
adapter was not possible. This was due to the aluminum pieces acting as heat fins, and dispersing
the heat too fast. This in turn made the welding equipment overheat before the aluminum would
be at a sufficient temperature. To circumvent this problem, all the connections were redesigned
to accept machine screws, bolts, nuts, and brackets. This allowed the tire adapter to become a
sturdy fixture while allowing disassembly to be easy if any parts needed to be further modified.
The final design of the tire adapter can be seen below in Figure 24.
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Figure 24. Final Assembly of the Tire Adapter

Design Iteration Summary: Main Shaft
A final major iteration was done with the main hand crank shaft. Initially, the shaft was
designed with a stepped diameter, having a larger diameter , 1”, in the center with a smaller
diameter, 0.5”, to connect the shaft to the bearing and hand crank. However, after hand
calculations and SolidWorks FEA, it was determined that a uniform cross section shaft with a
0.5” would be functional and meet the project’s constraints in terms of safety and longevity.
After further iterations, a shaft with a diameter of ⅜” would also be acceptable. While the
desired bearing could accommodate a ⅜” shaft, the hand wheel could only go fit on a shaft with
a minimum diameter of 0.5”. Because of this, a 0.5” diameter shaft was chosen for the project. A
stepped shaft with a diameter of ⅜” and 0.5” was not chosen as there would be no cost or
material savings, increase the time to fabricate, and increase the complexity of the design with no
measurable benefit.
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Manufacturing Methods
Most of the components within the bike rack were machined by team members within the
SCU Machine Lab. The main tools used to create the components were the band saw, lathe, mill
machine, and drill press. For the main column, an outside water jet fabrication was used as this
part could not be machined in house.
Using the bandsaw was usually the first tool used for any given piece. We took the stock
material in the given lengths and cut it to a part’s approximate size using the band saw. This was
done to make handling the material as well as keeping track of the piece easy. Once the material
was close to the size needed, the final dimensions were obtained by more accurate equipment,
like the milling machine or the lathe. Additionally, for large radius geometry like rounded
corners, the band saw was used to approximate the curve. This allowed for the rapid removal of
material without the need to program any machines. Once that was completed, a sanding belt
was used to smooth out the curves and remove any imperfections and burrs. Some of the
machined pieces can be seen in Figure 25.

Figure 25. Machined Pieces

The lathe was mainly used when working with cylindrical stock. On keyed shafts or rods,
material of lengths within about ⅛” of its desired length was finished with the lathe to get a
smooth and accurate finish. Additionally, shaft holes were reamed with the lathe to ensure a tight
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fit. Finally, the lathe was used to reduce the diameter of any shaft that was slightly bigger than
the hole they were for. By using Scotch Brite, minimal material was taken off at a time to ensure
tight tolerances were kept.
When cutting stock pieces into more manageable sizes, the band saw was used. If
tolerances were critical, material was cut long and finished on the mill to length. If the tolerances
were less critical, the belt sander was used to either finish the pieces to length, deburr sharp
edges, or round corners of parts. In pieces with large radius corners, the band saw was used to
achieve the approximate curve and then refunded with the belt sander.
The mill machine was the most frequently used machine within the project’s
construction. On bar and strip stock, material was milled away to get the desired geometry. In
certain cases like the tire adapter’s channel, a specialized bevel tool was used to achieve rounded
edges. For parts like the top plate, holes were drilled with specific measurements to ensure
compliance with store bought parts. The most intricate piece created on the mill machine was the
ratchet gear. The ratchet gear was formed by using a cylindrical piece of stock steel as a base.
Using a rotary tool, the ratchet teeth were milled using a standard end mill and rotating the part a
set amount of degrees. After each rotation, a new tooth edge was created.
The drill press was used to manufacture the threaded and through holes that did not
require tight tolerances. Most of those bolt and bracket connections on the tire adapter were
drilled and tapped using the drill press. This was done to increase the speed at which the parts
could be created.
The main frame of the bike rack was deemed too big to be manufactured on the milling
machines. Because of this, an outside water jet vendor was used for this part. Once the frame was
received from the vendor, there were metal tabs holding the lengthwise strip in place to keep the
beam from bowing out due to internal stresses. To remedy this problem, c-clamps were used to
hold the beam in its original orientation while the cut strip was hammered out. The water cut
edges were then deburred and the frame descaled in preparation for welding. The c-clamps
stayed on the frame to counteract the internal stresses until all the welding was finished. Once
the base plate and top plate were welded to the main column, the c-clamps were then removed as
the welded seams could withstand the internal stresses the cut column produced.
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Conclusion: Testing and Results
The main goal of our bike rack project, shown in Figure 26. was to reduce the space
required for securely storing a bike. Additionally, other goals included reducing the forces
required to move the bike into the locking orientation as well as having an acceptable level of
durability, useability, and security. Testing was done to quantify both space saving and user force
input attributes.

Figure 26. Senior Design Bike Rack

When measuring space saving capabilities, our designed bike rack was compared to the
most standard bike locking system, the 1-loop bike rack shown in Figure 27. The space the bike
rack took with and without a bike were compared as both metrics are important in terms of the
minimum space needed for a design. For the testing, the area was measured from a top down
point of view. This can be thought of measuring the area of the bike rack’s shadow if a light was
directly above the rack.
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Figure 27. Standard 1-Loop Bike Rack

For the standard 1-loop bike rack, a total unloaded space of 1.3 ft2. For our bike rack
design, the total unloaded space used was 1.0 ft2. This resulted in a 23% decrease when a bike
rack is not in use. During use, the standard 1-loop bike rack used a total of 10.4 ft2. As the 1-loop
bike rack is alongside the bike’s frame, most of the used area was from the bike itself. For our
bike rack design, the total used area was measured to be 6.8 ft2. Even with having a more offset
frame compared to the 1-loop bike rack, having the bike in a vertical position greatly offset the
total used area. Our bike rack was able to decrease the loaded space used by 35%. As a result of
testing, we thought of how to improve the performance of our bike rack. We believed that
increasing the height of our bike rack could provide significant benefits. By being able to raise
the bike’s bottom tire to above head level, the bike itself would no longer impede any traffic
related to walking around in constrained spaces. This would be most beneficial in narrow
hallways that may have more vertical space rather than horizontal space. Keeping this design
change in mind, our bike rack’s loaded area shrinks to 0.8 ft2. This would give a total space
reduction of 92%.
The second measured characteristic of the bike rack was the user’s input force. Because
the 1-loop bike rack has the bike rolled into position, we determined that the user's input was
negligible and not an effective comparison to our bike rack. We decided to compare the force of
lifting the bike by hand to lifting the bike with our bike rack. A hanging weight scale was used
and the bike was measured at 35 pounds. When using our bike rack, it was determined that 40 lbs
of force was needed to lift the bike. While the mechanical advantage was less than one for our
system, the tire adapter that also was being pulled weighed 20 pounds. This resulted in the total
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mechanical advantage of the system to be about 1.4. While our design overall takes more input
force than lifting the bike regularly, we are confident that the design could be improved to have
better results as a mechanical advantage does exist, just not in a practical sense. A few
improvements include changing the hand wheel, a counterweight system, or a block and tackle
type pulley system. By increasing the diameter of the hand wheel, the mechanical advantage
would increase as a higher torque would be applied using the same amount of force. An increase
in diameter of 1” would make the user’s input force 35 lbs, equal to that of the bike’s weight.
Anything greater than a 1” increase would provide a mechanical advantage to the user. Another
possibility is to use an internal counterweight with the current pulley system. By using a 20 lb
counterweight, this will result in negating the forces created by the tire adapter itself. This would
significantly reduce the user’s needed input force by reducing the load from 55 lbs to 35 lbs.
Another possibility to increase the mechanical advantage of the system would be to use a block
and tackle pulley system within the bike rack. By using one more pulley in the current system,
the user’s input can be reduced from 40 lbs to 20 lbs, giving a total mechanical advantage of
1.75. The tradeoff with this design is that the user would have to turn the handle twice as much.
Depending on the distance the user may have to hoist the bike up, the added time may negate any
benefits the lower forces may provide.
With both of these measurements taken place, we believe that our bike rack met the
overall specifications and requirements we set out to accomplish during the start of the year.
Additionally, with the noted improvements, we believe that our current design could have
improved results. Along with the previously mentioned improvements, we believe there are
further improvements that could increase the quality, manufacturability, or durability of the bike
rack. As those metrics were not specifically tested during our trial phases, we have added them to
the Future Design Iterations section below.
Conclusion: Future Design Iterations
The construction and testing of the prototype revealed several areas for improvement in
future design iterations. Using a standard box beam ended up being more trouble than it was
worth, as the minimum available thickness of a quarter inch resulted in an overbuilt column that
weighed and cost much more than it needed to. It also made fitting the tire holder’s sliding block
into the slot (and cutting the slot in the first place) more difficult. A more economical approach
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would be to weld up a box out of thinner plates. Alternatively, if it could be procured in a lesser
thickness, a deep “C” channel section could form three of the four sides, with the fourth
(containing the guide slot) welded or otherwise fastened over the gap.
Testing with the prototype revealed that slop in the guide was more consequential than
initially believed, and this could be corrected while maintaining low resistance by using roller
guides. The potential for fouling and degradation of the rolling surfaces (and of the roller axles)
by the corrosive salt-air environment was the reason this was not initially pursued, but these
could be minimized by using marine-safe grades of brass or plastic for the rollers and for lining
the guide surface.
The difficulty with welding and the weight of the tire holder could be alleviated by
forming the sides and bottom out of appropriately bent and cut sheet metal. Forming the bottom
indent of the holder with a bend instead of through machining would also dramatically reduce
the amount of material wasted.
Towards the tail end of construction, it was discovered that ratchet designs which use a
standard involute-tooth spur gear exist (none of the project members had seen one up to that
point). As the ratchet system was one of the most difficult elements to design and fabricate, as
well as the one which gave the most trouble during testing, future revisions could benefit
substantially from using this design.

36

References
1. Sassi, S. et al. (2005). An innovative magnetorheological damper for automotive ... Smart
Materials and Structures vol. 14, no. 4, p. 811. Retrieved October 21, 2021, from
https://iopscience.iop.org/article/10.1088/0964-1726/14/4/041.
2. City of San Jose (2020). Better Bike Plan 2025.
https://www.sanjoseca.gov/home/showpublisheddocument/68966/637478005096870000
3. Parag, N. and Tanpure, R (2016). Design Optimization Of Chain Sprocket Using Finite
Element Analysis. International Journal of Engineering Research and Application vol. 6,
no. 9, pp. 66-69. Academia.edu. Retrieved October 21, 2021, from
https://www.academia.edu/29115625/Design_Optimization_Of_Chain_Sprocket_Using_
Finite_Element_Analysis.
4. San Francisco Municipal Transportation Agency (2015). Bicycle Parking: Standards,
Guidelines, Recommendations.
https://www.sfmta.com/sites/default/files/reports-and-documents/2018/06/1_sfmta_bicycl
e_parking_guidelines-updated-05-15-2018.pdf
5. San Francisco Municipal Transportation Agency (n.d.). Bike Education.
https://www.sfmta.com/getting-around/bike/bike-resources-and-laws
6. San Francisco Municipal Transportation Agency (2022). Bike Metrics.
https://www.sfmta.com/bicycle-ridership-data
7. San Francisco Municipal Transportation Agency (n.d.). Bike Parking.
https://www.sfmta.com/getting-around/bike/bike-parking
8. San Francisco Municipal Transportation Agency (n.d.). Key Bike Projects.
https://www.sfmta.com/getting-around/bike/key-bike-projects

37

9. City and County of San Francisco (n.d.). Bicycle Racks.
https://www.sfbetterstreets.org/find-project-types/streetscape-elements/street-furniture-ov
erview/bicycle-racks/
10. Wakabayashi, Y. et al. (2020). Design of a Guide Pulley Achieving Identical Wire Path
Length for a Double Joint Mechanism. 2020 IEEE/SICE International Symposium on
System Integration (SII), pp. 1174-1179, doi: 10.1109/SII46433.2020.9026261. Retrieved
October 18, 2021, from https://ieeexplore.ieee.org/document/9026261/.
11. Yu-Che, H., & Tai-Shen, H. (n.d.). A study to prevent theft of the bike design and analysis
... Retrieved October 18, 2021, from
https://iopscience.iop.org/article/10.1088/1757-899X/241/1/012020.

38

Appendix A: Tables
Table A1. Need vs Metric Chart

A-1

Table A2. List of Metrics with Marginal and Ideal Values

A-2

Table A3. Metric Chart with Existing Product Comparison

A-3

Table A4. Mechanism Decision Matrix

Table A5. Lock Decision Matrix

Table A6. User Interface Decision Matrix

Table A7. Senior Design Fall Quarter Timeline

A-4

Appendix B: Figures

Figure B1. General Subsystem Sketches

Figure B2. Tire Clamp Concept Sketch
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Figure B3. Bike Rack Concept Sketch A

Figure B4. Bike Rack Concept Sketch B
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Figure B5. Bike Rack Concept Sketch C

Figure B6. Bike Rack Concept Sketch D
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Figure B7. Mockup CAD Model
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Figure B8: Hand Calculations for eyelet hook
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Figure B9: FEA for eyelet hook (von mises)

Figure B10: FEA for eyelet hook (displacement)
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Figure B11: FEA for eyelet hook (Factor of Safety)

Figure B12: FEA for keyed shaft (Displacement)
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Figure B13: FEA for keyed shaft (von Mises)

Figure B14: FEA for keyed shaft (Factor of Safety)
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Figure B15: Fatigue Hand Calculations for the hand crank shaft
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Figure B16: Hand Calculation for the hand crank shaft (left) and side elevation sketch of
loading conditions (right)
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Appendix C: Ratchet Mechanism

Figure C1. Ratchet operation: Locking pawl released (1’), rest position (1), driving pawl
engaging (2), lever driving (3), lever returning to rest position (4)
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The ratchet mechanism is essentially a modified version of a standard driving-locking type
ratchet, i.e. a ratchet wheel fixed to an axle, a sprung driving pawl fixed to a lever, and a sprung
locking pawl (fixed in this case to a stationary mounting plate). Normally, if one were to attempt
to release such a mechanism by disengaging the locking pawl, the driving pawl and lever would
be backdriven. This is avoided by modification of the driving pawl’s rear face, such that it
“cams” out of engagement with the ratchet wheel upon engaging a raised stop on the mounting
plate, corresponding to the lever’s rest position. Being sprung, the driving pawl will
automatically re-engage with the ratchet wheel when moved away from the stop.
This design was ultimately not pursued, so the exact geometry of the device (including spring
placement) was not worked out. The lever (which would have its own return spring) would have
functioned as a pedal, and a second pedal would control the release of the locking pawl. The
shaft was intended to drive a cable winch as with previous input designs.
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Appendix D: Dimensioned Shop Drawings

Figure D1. Full Assembly Drawing of the Bike Rack
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Figure D2. Assembly Drawing of the Bike Rack Frame Assembly
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Figure D3. Assembly Drawing of the Bike Rack Tire Holder Assembly
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Figure D4. Assembly Drawing of the Bike Rack Main Shaft Assembly
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Figure D5. Part Drawing of the Column
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Figure D6. Part Drawing of the Base Plate
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Figure D7. Part Drawing of the Top Plate
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Figure D8. Part Drawing of the Gusset
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Figure D9. Part Drawing of the Pulley
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Figure D10. Part Drawing of the Pawl
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Figure D11. Part Drawing of the Spring Loop
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Figure D12. Part Drawing of the Spring
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Figure D13. Part Drawing of the Hand Wheel
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Figure D14. Part Drawing of the Keyed Shaft
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Figure D15. Part Drawing of the Ratchet Gear
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Figure D16. Part Drawing of the Pulley Side
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Figure D17. Part Drawing of the Pulley Bar
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Figure D18. Part Drawing of the Bearing
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Figure D19. Part Drawing of the Tire Adapter
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Figure D20. Part Drawing of the Tire Base
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Figure D21. Part Drawing of the Tire Back
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Figure D22. Part Drawing of the Tire Side Long
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Figure D23. Part Drawing of the Tire Side Short
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Figure D24. Part Drawing of the Locking Bar
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Figure D25. Part Drawing of the Lock Cap
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Figure D26. Part Drawing of the Pawl Shaft
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Figure D27. Part Drawing of the Eye Hook
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